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In Vjvo Adenovirus Vector-Mediated Transfer of the Human 
Thrombopoietin cDNA Maintains Platelet Levels During Radiation- and 
Chemotherapy-Induced Bone Marrow Suppression 

By Akihiko Ohwada, Shahin Rafii, Malcolm A.S. Moore, and Ronald G. Crystal 



Thrombopoiatin (TPO, c-mpl Jigand) has emerged as a major 
hematopoietic cytokine stimulating megakaryocyte prolifer- 
ation, endomitosis, and platelet production. This study 
shows that a single administration of an adenovirus (Ad) 
vector encoding TPO lAdCMV.TPO) abrogates thrombocyto- 
penia induced in mice by carboplatin and irradiation. Normal 
Balb/c mice receiving the vector had increased platelet 
counts peaking at 7 days and returning to baseline by day 
15. Mice rendered pancytopenic with 500 rads and 1.2 mg 
of carboplatin had a nadir platelet count of five percent of the 
baseline. Mice receiving AdCMV.TPO 3 days before receiving 
Irradiation and chemotherapy achieved a platelet nadir four- 
fold higher, and had significant reduction in duration of 
thrombocytopenia, than mice receiving the control Ad vec- 
tor. Introduction of AdCMV.TPO the same day of chemother- 



apy and irradiation was equally effective in acceleration of ? 
platelet recovery, but administration of AdCMV.TPO 3 days?, 
after chemotherapy-radiation had little effect on platelet re-' 
covery. At 30 days after therapy bone marrow and spleen 
of mice treated with AdCMV.TPO were populated with a 
large number of polyploid megakaryocytes, but there was 
no evidence of circulating megakaryocytes In the liver or 
lungs and no pathologic bone abnormalities such as osteos- 
clerosis or myelofibrosis. These observations suggest that 
an Ad vector may be an excellent delivery system to provide 
adequate TPO production to maintain platelet levels in cir- 
cumstances associated with life-threatening thrombocyto- 
penia. 
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THROMBOPOIETIN (TPO, also referred to as the c- 
mpl ligand or megakaryocyte growth and development 
factor (MGDF]) is a 70-kD glycoprotein that induces throm- 
bopoicsis by proliferation of megakaryocyte progenitors and 
promotes endoreplication of mature megakaryocytes. 1 * 6 The 
identification of TPO, and the demonstration that administra- 
tion to normal experimental animals with recombinant TPO 
results in a several-fold increase in platelet count, 78 has 
opened the possibility of using TPO to rescue patients from 
life -thr earning thrombocytopenia associated with high dose 
chemotherapy.* 12 For example, Fibbe et a? have shown that 
prctrcatmcm of donor mice with TPO before marrow trans- 
plantation into irradiated mice results in acceleration of re- 
cor-stitutio- of platelets and erythrocytes, and Hokom et al, 10 
used pegylated MGDF to maintain platelet levels in mice 
receiving carboplatin and radiation. Finally, Yan et al u have 
shown that transplantation into irradiated mice of hematopoi- 
etic progenitors modified in vitro with a retrovirus vector 
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containing the TPO cDNA results in sustained elevation of 
platelets for several months, although the therapy was com- ' 
plicated by the development of myelofibrosis and osteoscl- : 
crosis. 

Based on these observations, it is reasonable to conclude 
that rrcatment with TPO can prevent the profound thrombocy- 
topenia associated with marrow suppression, but that extended 
exposure to TPO may have adverse effects on the marrow, 
ie, that TPO functions as expected in vivo, but treatment with 
TPO will likely have to be limited in rime to be effective, yet 
without adverse effects- In this context, we hypothesized that 
adenovirus (Ad) vectors may provide an ideal vehicle by 
which to deliver TPO for the purposes of abrogating thrombo- 
cytopenia induced by myelo ablative therapy. Administration 
of first generation El", E3" Ad vectors provides a strategy 
to sustain robust expression of a transgene. yet expression is 
transient, usually limited to days to weeks depending on the . 
target organ. ,3 " 16 Theoretically, therefore, in vivo administra- 
tion of an Ad vector containing the TPO cDNA driven by an 
active constitutive promoter should be capable of delivering 
significant amounts of TPO systemically, but not to the extent 
to cause complications such as osteosclerosis, myelofibrosis, 
and possible thrombosis induced by thrombocytosis. To this 
end. we have developed a model that would allow transient 
expression of TPO in severely thrombocytopenic mice using 
Ac! vector-mediated transfer of the human TPO gene (Ad- 
CMV.TPO). The data show that a single injection of Ad- 
CMV.TPO yields sufficient TPO to maintain the platelet 
counts in mice receiving myeloablative therapy, without ad- 
verse effects on the marrow. 

MATERIALS AND METHODS 
Adenovirus vectors. AdCMV.TPO is an ElQ", partial Elb - , par- 
tial E3", Ad5-based vector with an expression cassette in the EI 
region containing a 1.7-kb human TPO cDNA driven by the cyto- 
megalovirus major immediate/early promoter/cnhancer. ,3 ' J T^e TPO 
cDNA was a gift from D. Eaton (Genentcch, South San Francisco, 
CA). The control vector AdCMV.null is similar in design, except it 
contains no gene in the expression cassette. 1 * All veccon were ampli- 
fied, purified and liiered as previously described. 0 *" 
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Animals. Balb/c mice (6 to 20 warics of age) were from Charles 
River Laboratories (Wilmington, MA). The age. sex. and body 
weight (>20 g) of mice were matched for each experiment. Each 
txperiment included at least 6 animals for each data point. 

in vitro expression of the TPO cDNA. To evaluate the ability of 
the AdCMV.TPO vecior to express the TPO cDNA and direct the 
production of functional TPO, the A^9 lung carcinoma cell line . 
(American Type Culture Collection. aTCC CCL 185. Rockville. 
MD) was grown in minimal essential media (GIBCO-BRL. Gaithers- 
berg, MD) with 10% fetal bovine serum. 50 units/mL penicillin G, 
and 50 mg/mL streptomycin. The A549 cells (2 x 10° cells) were 
plated in a 10 cm culture dish (Falcon. Franklin Lakes. NJ). After 
24 hours, the cells were infected with AdCMV.TPO or AdCMV.null 
(multiplicity of infection [mci] 20) in serum free medium. After 90 
minutes, the culture medium was replaced with fresh serum-con- 
taining medium, and the culture continued for 48 hours. The culture 
medium was then replaced with 5 mL of serum-free medium for 24 
hours, the ; 'conditioned medium" wis removed and cemrifuged at 
1.000 rpm. 4° to remove floating cells. The resultant supernatant 
was passed through a 0.22-^m syringe filter and stored at -70*. The 
cells were recovered from the culture dish and RNA extracted as 
previously described, 11 "' 1 

To evaluate the cell RNA for the presence of TPO mRNA. North- 
ern analysis was performed using total RNA (5 Mg) hybridized with 
a 5: P-labeled l.0S9-bp full-length cDNa human thxombopoietin 
probe. 1 The membrane was then stripped and probed with a j: P- 
labelcd -y-actin probe as a positive control. 

To assess the biological activity of TPO present in the A549 
conditioned medium, 0.5 mL of conditioned medium was injected 
subcutaneously in Balb/c mice (Charles River Laboratories), once 
daily for 3 days and the platelet count was quantified from blood 
drawn from the tail vein. To insure that there was no AdCMV.TPO 
vector in the conditioned medium, the titer of AdCMV.TPO was 
quantified by incubating 250 yL of conditioned medium with 293 
cells and determining plaque forming units (pfu). No pfu were ob- 
served in the conditioned media. 

Administration of AdCMV.TPO to normal mice. To verify that 
the AdCMV.TPO vector functioned to direct the synthesis of TPO 
protein as expected, normal Balb/C mice were administered a single 
dose, subcutaneously of AdCMV.TPO (10*. I0\ 10\ 10* pfu) or, as 
a control. AdCMV.null (10 9 ) or vehicle (phosphate-buffered saline, 
pH 7.4 [PBSU- The platelet count was determined from blood drawn 
from the tail vein at preadministration, 3 days. 7 days. 10 days. 18 
days, 21 days, and 24 days. 

Adenovirus administration of AdCMV.TPO in associahon with 
myeloablative therapy. Balb/c mice were rendered pancytopenic 
using a combination of 500 rads sublethal total body irradiation and 
a single subcutaneous injection of 1 .2 mg carboplatin (Bristol-Myers, 
Princeton. NJ). a regimen designed to produce severe thrombocyto- 
penia. 10 Mice were injected (intraperitoneal, single dose. 10' pfu) 
wim AdCMV.TPO (n * 6, for each data point), AdCMV.null (n = 
6) or vehicle (n = 6) 3 days before, simultaneously, or 3 days after 
induction of mycloablutive therapy. 

Quantification of hematologic parameters Blood samples for 
platelet count were drawn from the tail vein with, a capillary pipette 
(Unopette: Fisher Scientific, Springfield. MA). The platelet number 
was determined using a Neubauer hemocytometer (Fisher Scientific) 
under phase contrast microscope. The white blood count (W3C) 
was determined using a Coulter counter (Coulter, Hialeah, FL). The 
hematocrit was measured using heparini2ed micro-hematocrit capil- 
lary tubes (Fisher Scientific). 

Bone marrow (BtA) and spleen histology. To evaluate the BM 
from animals receiving the AdCMV.TPO vector and myeloablarive 
therapy, femurs, spleen, lung, lymph nodes, and liver were removed 
from mice 30 days after myeloablative therapy and administration 
of AdCMV.TPO (10' pfu) or AdCMV.null (10 9 pfu) vectors. Tissue 
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was fixed in 4% paraformaldehyde in PBS and stained with hematox- 
ylin and eosin. The bone sections were analyzed histocheroically 
using Gomori's reticuJin stain.'* 0 

Statistical analysis. The results are expressed as mean i stan- 
dard error of the mean. Statistical comparisons were made using the 
unpaired two- tailed Student's r-rest. 

RESULTS 

In vitro evaluation of the AdCMV. TPO vector. Two lines 
of evidence showed the AdCMV.TPO vecior functioned to 
express the TPO cDNA as expected. First, Northern blot 
analysis revealed 1.8-kb mRNA transcripts of the thrombo- 
poietin cDNA in A549 cells infected with AdCMV.TPO, 
but not in cells infected with the control vector (Fig 1A). 
Second, Balb/c mice injected with conditioned medium from 
A549 cells infected with. AdCMV.TPO showed an increased 
platelet count on days 3, 7, and 10 (P < .05, all comparisons 
to controls). At day 7, the platelet count was approximately 
fivefold above baseline, returning to the normal range by 
day V. There was no significant increase in the platelet 
count in the mice treated with AdCMV.null conditioned me- 
dium nor in those treated with vehicle (Fig IB). 

In vivo administration of AdCMV.TPO to normal mice. 
The subcutaneous administration of AdCMV.TPO to Balb/c 
mice induced a significant rise in the platelet count (Fig 2). In 
general, the magnitude and duration of the increase of platelet 
counts correlated with the dose of yirus administered. The 
number of platelets increased from pretreatment levels to a 
sevenfold peak level at day 7 with the highest dose (10* pfu) 
of the Ad vector. Increases in platelet levels were detected 
with doses of a 10 7 pfu (P < .05, all comparisons to controls), 
but not at 10 5 pfu. At all doses, the platelet count gradually 
decreased to pretrearjneni level, by day 17 at 10 9 pfu, day 15 
at 10 8 pfu, and by day 10 at 10 7 pfu. No increase in platelet 
levels was observed with adrninistrauon of 10 9 pfu of the 
AdCMV.null vector nor with administradon of the vehicle. 

AdCMV.TPO administration in association with irradia- 
tion and chemotherapy. Administration of the Ad- 
CMV.TPO vector maintained the platelet levels in mice re- 
ceiving radiation and carboplatin, but the effectiveness of 
the therapy depended on when the vector was administered 
in relation to the induction of the myeloablative therapy 
(Figs 3 through 5). In animals receiving the AdCMV.null 
vecior or the vehicle control, the radiation and carboplatin 
induced a profound thrombocytopenia, with approximately 
10- to fivefold reduction in the platelet count with a nadir 
at 7 to 17 days after myeloablation (Figs 3 A, 4A, and 5 A). 
In contrast, when the AdCMV.TPO vector was administered 
3 days before the myeloablation, the platelet levels were 
sustained, dropping only two to threefold at days 9 to 11 {P 
< .03, compared to controls at nadir; Fig 3A). Further, the 
recovery to normal levels and above was accelerated by 
approximately 1 week. An equally dramatic protection of 
platelet levels was achieved with administration of the Ad- 
CMV.TPO vector ac the same time as the radiation plus 
carboplatin (P < -05, all compared to controls at nadir; Fig 
4A). However, when the AdCMV.TPO vector was adminis- 
tered 3 days after myeloablation, although there was some 
protection of the platelet levels, in the second week after 
myeloablation, the protection was not maintained, reaching 
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Fig 1. In vitro evaluation of AdCMV.TPO- mediated transfer and expression of the TPO expression cassette by Northern blot analysis and by • 
in vivo quantification of platelet number In mice following administration to mice of conditioned medium from cells infected with AdCMV.TPO 
In vitro. IAJ Expression of TPO mRNA transcripts in tho AS49 human lung carcinoma cell Una 3 days after in vitro infection with AdCMV.TPO or 
th* control vector AdCMV.null. Shown is b Northern blot of total RNA extracted from A5*9 cells and hybridized with a ^P-labelod TPO cONA 
proba (lanos 1 and 2) or y^octln cDNA probe as a control llanea 3 and 4). Lanes 1 and 3— AdCMV.TPO (20 mol): lanes 2 and 4— AdCMV.null 120 
moil. The alze of the transcripts aro indicated. (B) Platelet number In blood of Balb/c mJce following administration of conditioned medium (0.5 
ml) from AdCMV.TPO infected cells. The medium was administered subcutaneously on throe consecutive days, starting at day 0, Shown is the 
platelet count for administration of medium of AdCMV.TPO Infected cells (TPO-CM, ■). AdCMV.null infected cells (Null-CM. •). or vehicle (0|. 



a nadir similar to that of the controls (P > .05, all compared 
to controls ai nadir; Fig 5 A). 

Interestingly, administration of the AdCMV.TPO vector 
had no influence on the white blood count or the hematocrit 
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Fg 2. Increase in the platelet count in blood following administra- 
tion of AdCMV.TPO to normal Balb/c mice. Shown is the platelet 
count of mica receiving Lain g Jo administration, subcutaneously at 0 
time) AdCMV.TPO (10» pfu [Ml 10* pFu '•]. 10 1 pfu ( ©r 10 8 pfu 
[▲]). AdCMV.null (10 s pfu [Oil or vehicle (□). 



when the vector was administered 3 days before or 3 days 
after myeloablation (Figs 3B and C; 5B and C). However, 
when the vector was administered on the same day as the 
myeloablation. there was a trend towards accelerated recov- 
ery of the WBC, as well as the hematocrit {P > .05, day 12 
to 21 compared co control; Figs 3B and C; 5B and C). 

Hisrolozy. The BM and spleen of AdCMV.TPO treated 
mice showed a prominent increase in the number of poly- 
ploid megakaryocytes, compared with the BM and spleen of 
the mice treated with AdCMV.null (Fig 6). No evidence of 
osteosclerosis or myelofibrosis was observed in any of the 
bone marrow samples in mice treated with either vector. No 
hematopoietic tissue, Including megakaryocytes, was de- 
tected in lung, lymph nodes, or liver. 

DISCUSSION 

Thrombocytopenia is a major complication in cancer ther- 
apy. 1 ' Patients undergoing curative high dose chemotherapy 
myeloablation, for example in association with BM trans- 
plantation, often develop prolonged refractory thrombocyto- 
penia associated with life-threatening hemorrhagic compli- 
cations. The discovery of TPO. and the demonstration that 
it can help maintain platelet levels in association wiih che- 
motherapy, has opened new avenues for treatment of the 
thrombocytopenias associated with cancer therapy, 1 * 11 In this 
context, we have evaluated the efficacy of in vivo adenovi- 
rus-mediated delivery of the human TPO cDNA as a means J 
of preventing thrombocytopenia in a clinically relevant A 
model of chemoiherapy/irradiation-induced (hrombocyto- J 
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Fig 3. Evaluation of the ability of AdCMV.TPO tc maintain platelot 
levels In mica receiving myeloablative therapy 3 days after adminis- 
tration or th« sector. Myeloablative therapy was induced in Balb/c 
mice using radiation plus cerboptatln 3 days after the intraperitoneal 
administration of AdCMV.TPO 110* pful, AdCM V.nul! U0» pful or vehi- 
cle (PBS). The date of ablative therapy ia considered to be day 0. (A) 
Platelet levels. (B) WBC. (C) Hematocrit. Number ol platelets (A) and 
WBC IB] were plotted on Jog scale. Hematocrit (C) Is presented by 
%. The arrows indicate the date of radiation (RT) and chemotherapy 
(CT) and The timing of administration of the adenovirus vector (Ad). 
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Fig 4, Evaluation of the ability of AdCMV.TPO to maintain platelet 
level* in mice receiving myeloablative therapy on the same day as 
administration was as in Fig 3, except for the timing of vector admin- 
istration. (A) Platelet levels. (B) WBC. IO Hematocrit. 

penia. The data Show that a single injection of the Ad- 
CMV.TPO vector ameliorates the severe thrombocytopenia 
associated with myeloablation. 

Adenovirus-mediaied delivery ofTPO. From the available 
data, 9 - 11 " it appears that TPO can protect platelet levels from 
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myeloablarjon. but that there is a "window*' of dose And time 
chat is accessary to protect, yet not lead to adverse effects. Ad 
vectors may be an ideal delivery system for this application. 

First, by delivering the TPO cDNA rather than the protein, 
the recipient becomes the TPO protein "factory," eliminating 
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Fig 5. Evaluation of the ability of AdCMV.TPOto maintain platelet 
levels in mice receiving myelaablative therapy 3 dayi before adminis- 
tration of the vector. Myeloablativo therapy and vector admlnfjtre- 
tion were aa In Fig 3, except for the timing of vector administration. 
IAI Platelet levels. IB) WBC. fC} Hematocrit. 



the need to purify the recombinant protein. A similar strategy 
has been used to deliver the fibroblast growth factor-4 (HST- 
1} gene and maintain platelet levels using an adenovirus vecv 
tor. 25 Second, as with the protein, the Ad vector can be given 
in various doses, thus controlling the peak platelet levels. 
Third, the Ad vector can be administered through various 
parenteral routes. °*' a Finally, the single administration of the 
first generation Ad vector used in this report provides transient 
expression, thus providing more TPO (integrated over time) 
than a single administration of the TPO protein, but not an 
excessive amount of TPO that might be associated with ad- 
verse effects. Unlike the requirement for persistent expression 
of the erythropoietin cDNA to treat the anemia of chronic 
renal failure,*"" transient expression of the TPO cDNA dur- 
ing the initial phases of myeloablative therapy is likely the 
optimal strategy to prevent life threatening thrombocytopenia, 
without rebound mcgakaryocytopoiesis and thrombocytosis. 
Importantly, not only did platelet levels return to normal in, 
the Ad vector recipients, but histological analysis of the mice 
receiving AdCMV.TPO showed predominance of polyploid 
megakaryocytes in the spleen and BM, no megakaryocytes in 
the liver, lung, or circulation, and no evidence of osteoscle- 
rosis ox myelofibrosis within the bone marrow microenviron- 
mem. In contrast, Yan et aJ 12 have shown that chronic overex- 
pression of TPO by ex vivo retroviral introduction of the 
TPO cDNA into BM progenitors, and transplantation of the 
modified cells into mice, results in persistent elevation of 
platelets, osteosclerosis, and myelofibrosis, suggesting thai 
prolonged overexpression of TPO maybe deleterious to the 
BM microenvironmenL 

Effects on other progenitors. In mice receiving Ad- 
CMV.TPO before and immediately after institution of mye- 
loablative therapy, there was a decrease in duration and/or 
the severity of leukopenia and anemia. Although it is possi- 
ble that the recovery of myeloid and crythroid series was 
directly related co TPO." Jt it may be secondary to a decrease 
in bleeding and general well-being in the TPO treated mice" 
resulting in improved hematocrit and WBC. Alternatively,' 
because megakaryocytes are capable of elaborating cyto- 
kines such as interleukin-6 (IL-6), IL*1. and IL-3, 29 the rapid 
recovery of the other lineages seen in TPO treated mice may 
be due to rapid increase in the megakaryocyte mass and 
increase in cytokine production by megakaryocytes within 
the BM microenvironment. 

In summary, adenoviral transfer of the TPO gene into 
mice treated with sublethal doses of chemotherapy/irradia- 
tion results in a decrease in the severity and duration of 
thrombocytopenia with smooth recovery of the platelet count 
to baseline level. In contrast to retroviral gene therapy, where 
chronic exposure of TPO may produce myelofibrosis, a sin- 
gle injection of adenoviral vector expressing transgene for 
TPO may provide an ideal and safe alternative to daily injec- 
tion of TPO for the treatment of chemotherapy/radiation 
induced thrombocytopenia. Direct introduction of Ad- 
CMV.TPO into the BM microenvironment may provide a 
novel approach for therapy of thrombocytopenic conditions 
that are amenable to cytokine therapy. 
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Fig 6. Evaluation of EM and splean of mica after administration 
of AdCMV.TPO. Evaluation of megakaryocytes In the bona marrow 
and spleen of mica at 30 days after subcutaneous administration of 
AdCMV.TPO. Hematoicylin stBin of the BM {A, B, Bnd C] and splaon ID, 

E, and F| of mice after subcutaneous administration of AdCMV.nuJI LA 
and D, original magnification x 100) and AdCMV.TPO IB, C, E, and 

F, original magnification x 4001. AdCMV.TPO treated mica show a 
predominance of pohfpoid megakaryocytes both in splean and BM. 
Retic* lin ttain (G) of day 2B BM of trephine biopsy of the mice treated 
with AdCMV.TPO (original magnification v 4001. 
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